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The optical second-harmonic generation from a thin crystalline film on a substrate is theoretically
investigated for both s and p polarized incident light. The contributions of lattice misfit strain as
well as of misfit dislocation strain to the second-order nonlinear optical susceptibility are described
using a nonlinear photoelastic tensor and can be separated by a polarization analysis of the scattered
light at the second harmonic frequency. For the s(v)→s(2v) and p(v)→s(2v) scattering
geometries, the nonlinear optical signal will be determined by dislocation strain only, whereas for
the s(v)→p(2v) and p(v)→p(2v) geometries both lattice misfit strain and misfit dislocation
strain will contribute. © 2000 American Institute of Physics. @S0003-6951~00!01814-3#
Nonlinear optical methods, such as optical second-
harmonic generation ~SHG!, are very sensitive to the charac-
teristics of surface and interface structures and have therefore
found wide application for the investigation of thin solid
films on substrates as well as of multilayerd structures and
superlattices.1,2
In epitaxially grown thin film structures elastic strain
appears, localized near the interface and induced by a misfit
of the lattice constants of film and substrate.3 The thickness
of such a strained layer can vary within a wide range ~from a
few to a few tens of nanometers!3 and is determined by the
elastic parameters of both materials and the misfit f :
f 5 a f2as
as
. ~1!
In Eq. ~1! a f and as are the lattice constants of film and
substrate, respectively. Such a strain can lead to an extra
contribution to the nonlinear optical polarization and has
been observed via SHG.4 Moreover, when a film thickness
exceeds the critical thickness hc , misfit dislocations will
appear3 that will also contribute to the nonlinear polarization.
The influence of such strains and defects on SHG was stud-
ied both theoretically and experimentally for semiconductor
films and superlattices.4–10 The nonzero components of the
second-order nonlinear optical susceptibility tensor x (2) were
calculated in a semimicroscopic approach, based on strain-
induced changes of the bonds ~orbitals! between atoms near
the film interfaces.5,6,8 Kulyuk et al.7 mentioned the addi-
tional contribution of strain to the nonlinear polarization,
however, without giving any explicit derivations. Alterna-
tively, Bottomley9 described the influence of dislocation
strain on SHG phenomenologically via a periodic modula-
tion of x (2) due to displacements of the Bravais lattice sites
from their positions in the dislocation-free crystal.9 For ex-
ample, in his description,9 contribution along a screw axis
dislocation vanishes because the local average symmetry be-
comes centrosymmetric. This always results in a decrease of
the nonlinear optical response, in contrast to experimental
observations where strain leads to the appearance of SHG.11
In this letter, we propose a more general phenomenological
description of SHG from an epitaxially grown film on a sub-
strate, taking into account lattice misfit as well as dislocation
strain, by using a nonlinear photoelastic tensor similar to
Rayleigh light scattering by dislocation strain.12
Consider the interface between a thin crystalline film
with cubic symmetry on a thick cubic substrate that is lo-
cated in the XY plane with the Z axis perpendicular to this
interface ~see Fig. 1!. A thin film of centrosymmetrical
~bulk! material does not contain inversion as an element of
the point group symmetry, i.e., the symmetry class of a thin
film is determined by its orientation.6,11 For example, a thin
film of cubic material ~point symmetry Oh) with a four-fold
axis @001# directed perpendicularly to the film, is character-
ized by the point symmetry C4v . We investigate a crystal
film with thickness t f when t f.hc and misfit dislocations
near the interface. The spacing between misfit dislocations
Dmd is determined by the expression3
Dmd5
a f
f . ~2!
The set of equidistant straight edge dislocations oriented
along the Y axis and Burgers vectors parallel to the Y axis is
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characterized by the following nonzero components of the
stress tensor:13 syy
disl(r), szzdisl(r), and szydisl(r). The strain ten-
sor in the film can be presented as follows:
ulm~r!5ulm
misfitu~hc2z !1ulm
disl~r!u~z2hc!, ~3!
where u(z) is the Heaviside step function. The first term in
Eq. ~3! corresponds to the contribution of the lattice misfit
strain and the second one describes the dislocation strain. If
the film thickness t f does not exceed the critical thickness
hc , i.e., t f,hc , the film will be free from dislocations and
only the first term in Eq. ~3! describes the strain in the film.
In this case the epilayer will be in a strained state ~compres-
sive if a f.as , or tensile if a f,as! which is characterized by
the biaxial tetragonal strain determined by the expression14
ulm
misfit5 f d lm , ~4!
where d lm is the two-dimensional Kronecker delta symbol
~in our case l ,m5x ,y!. The dislocation strain can be deter-
mined using Hooke’s law15 and the corresponding strain ten-
sor is characterized by the following nonzero components:
uxx
disl~r!52
n@syy
disl~r!1szz
disl~r!#
E ,
uyy
disl~r!5
syy
disl~r!2nszz
disl~r!
E , ~5!
uzz
disl~r!5
szz
disl~r!2nsyy
disl~r!
E , uzy
disl~r!5
11n
E szy
disl~r!,
where n is Poisson’s coefficient and E is Young’s modulus.15
The electric field at the second harmonic frequency of
the incident radiation is determined as a solution of the wave
equation with the nonlinear polarization PNL (2v) as a
source term. In the dipole approximation the latter can be
written in the well known form1
Pi
NL~2v!5x i jk
(2)~22v:v ,v!E j~v!Ek~v!, ~6!
where E(v) is the electric field of the incident light at fre-
quency v and x (2) is the second-order nonlinear optical sus-
ceptibility tensor. Like in linear optics,16 in the presence of
elastic strains this x (2) tensor can be presented in the follow-
ing form:
x i jk
(2)~r!5x i jk
(2,0)1pi jklmulm~r!. ~7!
Here, pi jklm and ulm are the nonlinear photoelastic and strain
tensors, respectively. Within the slowly varying amplitude
approximation the wave equation for the second harmonic
electric field can be written as1
2ik2v ,l„ lEl~2v ,q!52
v2
c2
x i jk
(2)~r!E j~v!Ek~v!exp~ iq"r!,
~8!
where q52kv2k2v is the phase ~wave vector! mismatch
and kv and k2v are the wave vectors of the fundamental and
second harmonic light, respectively. Using the infinite plane
wave approximation,1 we obtain from Eq. ~8!
Ei~2v ,q!5
A
V EVx i jk(2)~r!E j~v!Ek~v!exp~ iqr!dr,
~9!
A52
iv
cn2v
.
The integral in Eq. ~9! is taken over the interaction volume V
and n2v is the refractive index of the film at the second
harmonic frequency.
Let us investigate the polarization of light generated at
the double frequency for the wave vectors of the incident and
reflected light in the XZ plane ~see Fig. 1!. For the symmetry
class C4v , the second-order optical susceptibility x i jk
(2,0) ~po-
lar third rank! and nonlinear photoelastic pi jklm ~polar fifth
rank! tensors are characterized by 4 and 31 independent
components, respectively.15 Using the nonzero components
of the ulm , x i jk
(2,0)
, and pi jklm tensors we can now find the
contributions of the misfit strain and dislocation strain to the
SHG for s and p polarizations.
~1! S-polarized incident light, i.e., E(v)5@0,Ey(v),0#:
Ex~2v,q!50, ~10a!
Ey~2v,q!5Apyyyzyuzy~q!Ey
2~v!, ~10b!
Ez~2v,q!5A@xzyy
(2,0) f ~q!1pzyyxxuxx~q!1pzyyyyuyy~q!
1pzyyzzuzz~q!#Ey
2~v!, ~10c!
where
f~q!5 1V EV exp~iqr!dr,
~11!
ulm~q!5
1
V EVulm~r!exp~iqr!dr.
Equations ~10a–c! show that the s-polarized electric
field Eq. ~10b! at the second harmonic frequency is
purely determined by the contribution of misfit disloca-
tions. In contrast, the p-polarized SHG is determined
both by the misfit strain and dislocation strain terms as
well as a strain-independent part ~10c!.
~2! P-polarized incident light, i.e., E(v)
5@Ex(v),0,Ez(v)#:
FIG. 1. Schematic image of the second-harmonic generation from a film on
a substrate. N is the normal to the film surface.
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Ex~2v,q!5A@~xxxz
(2,0)1xxzx
(2,0)! f ~q!1~pxxzxx1pxzxxx!
3uxx~q!1~pxxzyy1pxzxyy!uyy~q!
1~pxxzzz1pxzxzz!uzz~q!#Ex~v!Ez~v!,
~12a!
Ey~2v,q!5A@pyxxzyEx
2~v!1pyzzzyEz
2~v!#uzy~q!, ~12b!
Ez~2v,q!5A$@xzyy
(2,0) f ~q!1pzxxxxuxx~q!1pzxxyyuyy~q!
1pzxxzzuzz~q!#Ex
2~v!1@xzzz
(2,0) f ~q!
1pzzzxx~uxx~q!1uyy~q!!#Ez
2~v!%. ~12c!
In Eq. ~12c! we have taken into account that pzzzxx
5pzzzyy .15 Equations ~12a–c! show that for p-polarized in-
put, the s-polarized second harmonic radiation is determined
by dislocation strain only, whereas p-polarized output at the
second-harmonic frequency is determined by strain-
independent as well as strain-dependent terms. It should be
noted that both sources of strain ~lattice misfit and disloca-
tion! contribute to the p-polarized SHG for the p(v)
→p(2v) geometry of scattering. As seen from Eqs. ~3!–~5!,
lattice misfit strain contributes to the SHG via terms which
are proportional to uxx(q) and uyy(q), whereas misfit dislo-
cations contribute to the SHG via terms proportional to
uxx(q), uyy(q), uzy(q), and uzz(q).
As mentioned above, for very thin films with t f,hc only
lattice misfit will determine the strain in an epilayer. Then,
for both s- and p-polarized input light the second-harmonic
radiation will be p-polarized. This also means that the obser-
vation of s-polarized SHG will be a clear indication for the
appearance of misfit dislocations. It should be noted that for
equidistant misfit dislocations the strain-dependent part of
x (2) can be presented as a periodic function with the period
Dmd , similar to the approach developed in Ref. 9. If this
period is comparable with the wavelength of the second har-
monic radiation one should expect the appearance of nonlin-
ear diffraction from such a regular dislocation array, similar
to the nonlinear diffraction from periodic structures of
ferroelectric17 or magnetic18 domains.
In conclusion, we have presented a phenomenological
description of the nonlinear light scattering from a realistic
film-substrate interface using nonlinear photoelastic and de-
formation tensors. This approach allows us to distinguish the
contributions of lattice misfit strain and misfit dislocations to
the SHG via a polarization analysis of the scattered light.
From experiments19 using GaAs in the infrared region
with the wavelengths for fundamental and second-harmonic
radiation lv510.6 mm, l2v55.3 mm, it was ascertained
that the values of nonzero components of the nonlinear pho-
toelastic and second-order nonlinear optical susceptibility
tensors were comparable: upxxxyzu>1.2310210 m/V, xxyz
(2,0)
51.3310210 m/V. Taking into account the values of misfit
and dislocation strain, the strain-induced contribution to
SHG is estimated about 10%, compared to the strain-
independent contribution to SHG.
Results of a more complete theoretical investigation of
the angular distribution of second-harmonic radiation scat-
tered by strain in thin film–substrate structures as well as the
nonlinear optical diffraction from periodically distributed
misfit dislocations will be published elsewhere. A similar
analysis of SHG can be applied to magnetic thin films on
nonmagnetic substrates. These epitaxially grown multilayer
structures will contain a lot of interface strain, as one even
manages to grow nonequilibrium structures like face-
centered-cubic Fe or body-centered cubic Co ~see, for ex-
ample, Ref. 20!. As has been shown in numerous recent pub-
lications, SHG is a very sensitive method for the
investigation of these magnetic films and interfaces ~see, for
example, the review article in Ref. 21!. In particular the lin-
ear magnetization dependence of the SHG signal from mag-
netic garnet films recently reported by Pavlov et al.,22 was
explained as a result of an interference of crystalline and
magnetization-induced terms of the nonlinear optical polar-
ization in these thin films. Such a magnetic–nonmagnetic
structure of yttrium–iron garnet grown on a gadolinium–
gallium garnet substrate is characterized by a small value of
the lattice misfit parameter and a large critical thickness.
This leads to a deformed layer near the interface, which also
contributes to the nonmagnetic part of the x (2) tensor, as was
observed in Ref. 22.
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